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A ﬁxed-grid source-based numerical method has been developed to simulate the diffusion-controlled
growth of Cu6Sn5 and Cu3Sn intermetallic compounds (IMCs) and other many layers of IMCs. Data ﬁt-
tings of measured thicknesses of the IMCs to the simulated results can be further employed to determine
the interdiffusion coefﬁcients for the IMCs. Compared with the existing analytical methods, the present
numerical method is not only more accurate, but also applicable to a wider range of experimental results.
We report here the detailed formulation of the relevant equations, and compare and validate the present
numerical method using experimental thicknesses of Cu6Sn5 and Cu3Sn IMCs from both the existing
literature and the experiment of our own. The results obtained provide new insight into the interdif-
fusion coefﬁcients for the Cu6Sn5 and Cu3Sn IMCs formed between Cu and Sn or Sn-based solders, or
other many layers of IMCs formed in similar metal/metal systems.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-SA license.1. Introduction
It is important to understand growth kinetics of intermetallic
compounds (IMCS) formed during metallic interfacial reactions for
studying reliability in a wide range of applications. For example,
the formation of some Cu6Sn5 and Cu3Sn IMCs during soldering is
necessary to achieve good adhesion between Sn-based solders and
Cu when Cu is used as contact metallizations on semiconductor
devices and/or supporting substrates in electronic packaging [1e
3]. However, excessive growth of the IMCs during extended sol-
dering and/or service may result in brittle fracture of the joints
[1,3]. Therefore, there has been a continuous effort in modelling
and simulation to understand the growth kinetics of the Cu6Sn5
and Cu3Sn IMCs in Sn-based solders/Cu systems [1e10].
During the soldering of a Sn-based solder, the formation and
growth of Cu6Sn5 and Cu3Sn IMCs is quite complicated and may
involve multiple simultaneous processes [11e14]. The latter may
include the dissolution of Cu atoms from the Cu substrate and/or
the formed Cu6Sn5 IMC into the liquid Sn-based solder; the reactiond Electronic Engineering, The
University Park, Nottingham
ax: þ44 115 951 5616.
fwxy@yahoo.com (J.F. Li).
r Ltd. Open access under CC BY-NC-SAbetween Cu atoms and Sn atoms, and the precipitation/nucleation
of CueSn IMCs on the top of Cu substrate; the solidiﬁcation of Cue
Sn IMCs from supersaturated liquid solder; and lattice and/or grain
boundary diffusion of Cu and Sn atoms in the formed CueSn IMCs.
In addition, grain boundary grooving, grain coarsening, grain fac-
eting and grain coalescing also inﬂuence the growth kinetics of the
IMCs [15]. Therefore, only in a few studies [5e7], have attempts
been made to model the growth kinetics of Cu6Sn5 IMC in the
liquid/solid interfacial reaction by a ripening process in which the
driving force is the GibbseThomson effect and/or grain boundary/
molten channel controlled growth.
In a wealth of studies on the solid interfacial reaction between
Sn-based solders and various types of Cu contact metallizations, the
growth kinetics of both Cu6Sn5 and Cu3Sn IMCs were explained in
terms of diffusion-controlled growth, but described with the
parabolic growth law only [1,2,8,9]. This is because in these studies,
the solders were ﬁrst soldered onto the Cu substrates through
liquid/solid interfacial reaction during the reﬂowing processes,
resulting in the formation of some Cu6Sn5 and probably plus Cu3Sn
IMCs through quite complicated processes as aforementioned.
Then the soldered samples were placed into speciﬁc thermal stor-
age to observe the thickening of the Cu6Sn5 and Cu3Sn IMCs with
ageing time. However, the existing analytical methods for
diffusion-controlled growth kinetics, such as the Heumannmethod
[16] and Wagner’s method [4,10,17], have been developed and
applied to diffusion couples where the initial thicknesses of the
IMCs were zero. license.
Nomenclature
a0s coefﬁcients in the numerical scheme
b parameter related to “Molar fraction per Molar
volume” at previous time step, and the “latent Molar
fraction per Molar volume of phase change at present
time step in numerical scheme
D interdiffusion coefﬁcient [m2 s1]
Dd a small “sensibleMolar fraction perMolar volume used
in numerical scheme [mol m3]
N Molar fraction
NSn Molar fraction of Sn
NV “sensible Molar fraction per Molar volume” [mol m3]
DNV “latent Molar fraction per Molar volume of phase
change” [mol m3]
S(t) position of moving phase interface at time t [m]
t time [s]
V molar volume [m3 mol1]
x position coordinate [m]
Superscript
0 old value at previous time step
þ Right boundary of a phase, or right side of a moving
interface
 Left boundary of a phase, or left side of a moving
interface
Subscript
i phase i
Int Integrated
E, e east neighbouring node
P node point
W, w west neighbouring node
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or integrated interdiffusion coefﬁcients for the Cu6Sn5 and Cu3Sn
IMCs were obtained using the Heumann method and Wagner’s
method from the experimental results of Cu/Sn, Cu/Cu6Sn5 and
Cu3Sn/Sn diffusion couples. In the existing literature [18], the
interdiffusion coefﬁcients for Cu6Sn5 and Cu3Sn IMCs were re-
calculated using a combined analytical and numerical method
from the same experimental results of the Cu/Sn diffusion couples
reported in Ref. [16].
The present work is concerned with a numerical model to
simulate the diffusion-controlled simultaneous growth of two
adjacent Cu6Sn5 and Cu3Sn IMCs in the Sn-based solder/Cu system.
In combination with data ﬁttings, this numerical method can be
used to determine the interdiffusion coefﬁcients for the Cu6Sn5 and
Cu3Sn IMCs formed in the samples with arbitrary initial thicknesses
of the different phases. The developed numerical method is eval-
uated against the interdiffusion coefﬁcients or integrated interdif-
fusion coefﬁcients reported in Refs. [10,16,18]. In particular,
systematic errors existing in the reported data are pointed out and
discussed.
This paper starts with the mathematical formulation and
schemes used in numerical procedures for the numerical method.
Then the developed numerical method is compared and evalu-
ated using the results of the Cu/Sn, Cu/Cu6Sn5 and Cu3Sn/Sn
diffusion couples reported in Refs. [10,16,18]. Following this, the
numerical method is applied to calculate the thicknesses and
extract the integrated interdiffusion coefﬁcients for the Cu6Sn5
and Cu3Sn layers formed in one Sn-3.8Ag-0.7Cu/Cu system.
Although the principal motivation for this work is to develop a
numerical method to determine more accurately and provide
insight into the interdiffusion coefﬁcients of the Cu6Sn5 and Cu3Sn
IMCs in the Sn-based solder/Cu system, the methodology and
understanding developed in this work is expected to be appli-
cable to other many layers of IMCs formed during similar metallic
interfacial reactions.Fig. 1. Schematic illustration of the proﬁle of Molar fraction NSn across a Cu/Sn-based
solder joint at the instant time of t.2. Numerical method
2.1. Mathematical description of the problem
The present modelling to calculate the thicknesses of the
Cu6Sn5 and Cu3Sn layers is an extension of a previously devel-
oped ﬁxed-grid numerical modelling of transient liquid phase
bonding and other diffusion controlled phase changes [19]. It isstill considers one-dimensional diffusion-controlled phase change
and moving interface problems. However, it extends from two
phases to four phases, with emphasis on the growth of two
adjacent IMCs with a narrow homogeneity range, and uses the
growth of Cu6Sn5 and Cu3Sn layers in the Sn-based solder/Cu
systems as one example, see Fig. 1. In such one-dimensional
diffusion-controlled growth of two adjacent IMC layers, the ef-
fects of the IMCs nucleation, non-equilibrium defects and short-
circuit paths such as dislocations, grain boundaries and external
surfaces are all ignored. It is more applicable to the solid solder/
Cu reactive diffusion. In order for the change of Molar volume of
the solute in the different phases to be further taken into ac-
count, the governing equations based on Fick’s diffusion law are
given by:
v½NSnðx; tÞ=Vðx; tÞ
vt
¼ v
vx

Di
v½NSnðx; tÞ=Vðx; tÞ
vx

;
Si1ðtÞhx< SiðtÞ; i ¼ 1; :::;4
(1)
Di
v½NSnðx; tÞ=Vðx; tÞ
vx

x¼SiðtÞ
 Diþ1
v½NSnðx; tÞ=Vðx; tÞ
vx

x¼SiðtÞþ
¼
h
Nþi =V
þ
i  Niþ1=Viþ1
i vSiðtÞ
vt
; x ¼ SiðtÞ i ¼ 1; :::;3
(2)
Fig. 2. Grid-point cluster and the relevant geometric parameters.
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v½NSnðx; tÞ=Vðx; tÞ
vx
¼ 0 x ¼ S0(0) (3a)
v½NSnðx; tÞ=Vðx; tÞ
vx
¼ 0 x ¼ S4(0) (3b)
And the initial conditions can be given as:
NSnðx; tÞ=Vðx; tÞ ¼ Niðx;0Þ=Viðx;0Þ S0ð0Þ  x  S4ð0Þ (4)
A numerical approach is generally required to solve the above
equations. In principle, both variable and ﬁxed-grid discretisation
methods can be used. However, it is not convenient to use the
variable grid discretisation method which has to track three mov-
ing phase-change interfaces, across which step changes in Molar
fraction must be satisﬁed and whose locations are unknown a-
priori. Therefore, the ﬁxed-grid method will be employed in the
present work. Following our previous work reported in Ref. [19], we
may deﬁne a so-called “sensible Molar fraction per unit Molar
volume” as:
NVSnðx; tÞ ¼ NSnðx; tÞ=Vðx; tÞ  DNV (5)
and a “latent Molar fraction per unit Molar volume of phase
change” as:
DNV ¼ DNV1 þ DNV2 þ DNV3 (6)
where
DNVi ¼
(
Niþ1=V

iþ1Nþi =Vþi Ddi;
0
NSn(x; t)Niþ1; i ¼ 1; :::;3
NSn(x; t)Nþi
(7)
Then Eqs. (1) and (2) can be transformed into a unique equation
for the four phases and three moving interfaces:
vNVSnðx; tÞ
vt
¼ v
vx

D(x; t)
vNVSnðx; tÞ
vx

 vDNV
vt
; S0(0)< x< S4(0)
(8)
with the boundary conditions:
vNVSnðx; tÞ
vx
¼ 0 x ¼ S0(0) (9a)
vNVSnðx; tÞ
vx
¼ 0 x ¼ S4(0) (9b)
and the initial conditions:vDNV
vt
¼
DNV

NVSn;P
 DNV	N0VSn;P

Dt
¼
8><
>:
0; N0VSn;P  VþVSn;1 ; NVSn;P  VþVSn;1 or N0VSn;P  VVSn;4; NVSn;P  VVSn;4
k

NVSn;P

Dt
NVSnP 
"
k

NVSn;P

Dt
NTemVSn þ
DNV
	
N0VSn;P


Dt
#
; Otherwise
(12)NVSnðx; tÞ ¼ Niðx;0Þ=Viðx;0Þ  DNV ; S0ð0Þ  x  S4ð0Þ (10)Equation (8) is essentially the same as the energy equation that
takes account of heat conduction only for describing the phase
change of melting and solidiﬁcation and expressed in terms of
sensible enthalpy. Here, the “Molar fraction per unit Molar vol-
ume”, “latent Molar fraction per unit Molar volume of phase
change” and diffusion coefﬁcient are used to replace the sensible
enthalpy, latent heat of fusion and thermal diffusivity in the energy
equation. However, it should be pointed out that the present Eq. (8)
includesmore phases andmoremoving interfaces than those in the
energy equation for describing the phase change of melting and
solidiﬁcation. Eqs. (5)e(10) formulate the mathematical descrip-
tion of the current model for diffusion-controlled growth of Cu6Sn5
and Cu3Sn layers in the Sn-based solder/Cu systems and other
similar diffusion-controlled phase change process. They are the
main contribution of the present work and are readily solved using
the ﬁxed-grid source-based method [20,21].
2.2. Numerical procedures
The numerical procedures are similar to those in our previous
work [19]. The coordinate x in Fig. 1 is ﬁrst discretised into a ﬁxed
grid consisting of M nodes. Then the governing equations and
boundary conditions formulated in Eqs. (5)e(10) are solved using
the volume-controlled ﬁnite-difference method outlined by
Patankar [22]. Referring to Fig. 2, the governing equation, Eq. (5), is
discretized using the fully implicit discretisation scheme:
aPNP ¼ aENE þ aWNW þ b (11)
where the subscripts, P, E and W, indicate the appropriate nodal
values, the ‘a’ terms are coefﬁcients dependent on the ﬂuxes of the
“sensible Molar fraction per unit Molar volume” and the “latent
Molar fraction per unit Molar volume of phase change” into the Pth
control volume, and the parameter, b, includes the terms associated
with the evaluation of “sensible Molar fraction per unit Molar
volume” at the previous time step, and the “latent Molar fraction
per unit Molar volume of phase change”. The terms related to the
“latent Molar fraction per unit Molar volume of phase change” are
discretized according to the following expression:where the superscript, 0, indicates the nodal value at the previous
time step, and:
J.F. Li et al. / Intermetallics 40 (2013) 50e59 53DNV

NVSn;P
 ¼ X3
i¼1
DNimin
"
max
 
0;
NVSn;P  NþVSn;i
Ddi
!
;1
#
(13)k

NVSn;P
 ¼
P3
i¼1
	
Niþ1=V

iþ1  Nþi =Vþi


max
"
0;
NVSn;P  NþVSn;i
abs
	
NVSn;P  NþVSn;i


#
max
(	
NVSn;P  NTemVSn


;
P3
i¼1 Ddimax
"
0;
NVSn;P  NþVSn;i
abs
	
NVSn;P  NþVSn;i


#) (14)NTemVSn ¼
8><
>:
NþVSn;1;
NþVSn;2 Dd1;
NþVSn;3 Dd1 Dd2;
NVSn;P > N
þ
VSn;1; NVSn;P  NþVSn;2
NVSn;P > N
þ
VSn;2; NVSn;P  NþVSn;3
NVSn;P > N
þ
VSn;3(15)
Ddi ¼
Niþ1=V

iþ1  Nþi =Vþi
N2 =V

2  Nþ1 =Vþ1
Dd; i ¼ 1;2;3 (16)
where a small “sensible Molar fraction per unit Molar volume”
interval, e.g., Dd ¼ 1.0  107 to 1.0  1010 Molar/mm3 depending
on a particular simulation case, is employed to describe the
diffusion-controlled phase change. Such a Dd is similar to a small
temperature interval used to describe the phase change of melting
and solidiﬁcation [20].
During numerical iteration, Eqs. (13) and (14) are updated ac-
cording to the nodal “sensible Molar fraction per unit Molar vol-
ume” obtained at the previous iteration step. This numerical
scheme is somewhat different from that used in the standard ﬁxed-
grid source-based method, where the latent heat of fusion is
directly updated using an appropriate formulation of the latent
heat function [20,21]. In the present case, the “latent Molar fraction
per unit Molar volume of phase change” has been linearised using
Eq. (14), which was found to speed up the convergence of the
iteration signiﬁcantly.
With Eq. (12) and referring to Fig. 2, the ‘a’ coefﬁcients and the
‘b’ parameter in Eq. (11) are given by:
aE ¼
De
ðdxÞe
(17a)
aW ¼
Dw
ðdxÞw
(17b)
b ¼ Dx
Dt
h
k

NVSn;P

NTemVSn þ DNV
	
N0VSn;P


þ N0VSn;P
i
(17c)
aP ¼ aE þ aW þ
Dx
Dt

1þ kNVSn;P (17d)
where the diffusion coefﬁcients, De and Dw at the boundaries of a
control volume should be the harmonic mean, rather than the
arithmetic mean, as described in detail in Ref.[22]. Also, it is
important to take a similar approach for updating the diffusion
coefﬁcient for any node whose “sensible Molar fraction per unit
Molar volume” is between NþVSn;i and N

VSn;iþ1:DP ¼

fi þ 1 fi
1
(18)
Diþ1 Diwhere
fi ¼
NVSn;P  NþVSn;i
Ddi
(19)
Otherwise, the simulation result may be physically unrealistic.
For each step of the iteration procedure, the group of discretised
equations for all the nodes is solved using the standard TriDiagonal-
Matrix Algorithm [22]. Within each time step, calculation conver-
gence was veriﬁed after the absolute residues of all the “sensible
Molar fraction per unit Molar volume” values were three orders of
magnitude lower than the selected small “sensible Molar fraction
per unit Molar volume” interval, Dd. Once the converged “sensible
Molar fraction per unit Molar volume” values are obtained, the
moving interface between two phases is calculated using the
following reverse function:
sþi (t) ¼ x

NVSnðx;tÞ¼NþVSn;i
¼ N1VSn(NþVSn;i; t) (20)
In addition, another moving interface expressed as:
siþ1(t) ¼ x

NVSnðx;tÞ¼NVSn;iþ1
¼ N1VSn(NVSn;iþ1; t) (21)
is also calculated and compared with the interface sþi ðtÞ. In the
present work, they are both determined using linear interpolation
of the nodal “sensibleMolar fraction per unit Molar volume” values.
Unless the average “sensible Molar fraction per unit Molar volume”
of a material system is between NþVSn;i and N

VSn;iþ1, s
þ
i ðtÞ and siþ1ðtÞ
should be very close to each other. Otherwise, as demonstrated in a
pervious paper [19], a reduced small “sensible Molar fraction per
unit Molar volume” interval, Dd, or an increased number of nodes,
should be employed for achieving solutions which reasonably
reﬂect the jump condition at all moving interfaces. However, this
generally requires more computation effort. In the present work,
the values of Dd and the numbers of nodes chosen in all simulation
cases have been taken to ensure that the difference between sþi ðtÞ
and siþ1ðtÞ was less than 0.005 mm.
Once all the moving interfaces are calculated, it is straightfor-
ward to obtain the thicknesses of the different phases with respect
to time.2.3. Data ﬁttings to determine interdiffusion coefﬁcients
Data ﬁttings of measured thicknesses of Cu6Sn5 and Cu3Sn IMC
layers to those simulated using the above numerical model can be
used to determine the interdiffusion coefﬁcients. The present work
is concerned with the diffusion-controlled growth of Cu6Sn5 and
Cu3Sn IMCs between Cu and Sn-based solders with high percentage
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diffused into the Cu and Sn-based solder is limited and may be
ignored. Under such an assumption, the interdiffusion coefﬁcients
of the Cu and Sn-based solders can be taken as any value, e.g. the
same value as the interdiffusion coefﬁcient for the Cu3Sn or the
Cu6Sn5 IMCs. Furthermore, as in the existing literature [10,16,18],
the interdiffusion coefﬁcients, DCu3Sn and DCu6Sn5, for the Cu3Sn and
Cu6Sn5 IMCs are both assumed as material constants independent
of composition. Then the thicknesses of the Cu3Sn and Cu6Sn5 IMCs
in a sample can be considered as a function of DCu3Sn, DCu6Sn5 and
time t, and can be simulated using the numerical model. The DCu3Sn
and DCu6Sn5 can ﬁnally be determined with the best data ﬁttings of
achieving the least sum for the square of the measured thicknesses
of Cu6Sn5 and Cu3Sn layers minus those simulated with the nu-
merical model.
For all simulation cases, the initial Molar fraction gradients are
assumed to be linear across the Cu6Sn5 and/or Cu3Sn layers if their
initial thicknesses are non-zero. In the case that the stoichiometric
widths of Cu6Sn5 and Cu3Sn IMCs are unknown, a small Molar
fraction value, e.g. DNi ¼ 0.01, is ﬁrst assumed across them, and the
Wagner’s integrated interdiffusion coefﬁcient can be employed and
is ﬁnally calculated as:
DInt;i ¼
ZNþi
Ni
DidNi ¼ DiDNi (22)
All calculations were executed with self-written codes of the
MATLAB R2007a (The Mathworks, Inc.) on a PC computer with
Intel[R] Pentium[R] Core[TM] i7 CPU 976 @ 3.20 GHz processor and
8 GB RAM. The data ﬁttings to determine the interdiffusion co-
efﬁcients were achieved using the MATLAB library function
“fminsearch”. The running times were in the range of about 2 h to
4 h for all the simulation cases.3. Experimental procedure
3.1. Preparation of samples
The Sn-3.8Ag-0.7Cu/Cu samples, where the initial thicknesses of
both Cu6Sn5 and Cu3Sn layers were non-zero, have been prepared
in the present work. The solder alloy used was commercially
available near eutectic 95.5Sn-3.8Ag-0.7Cu (SAC) solder paste
(Multicore). The ﬂux in the as-received SAC solder paste had been
removed through reﬂowing the solder paste at 260 C in air for
5 min and then cleaning it with acetone. The Cu substrate used was
commercially available 1mm thick 99.9% pure Cu foil (Alfa Aesar). It
had been cut into the coupons of 12 10 1mm in size. The cut CuFig. 3. Arrhenius-type plots of interdiffusion coefﬁcients determined with the present nume
in Ref. [16].coupons were ﬁrst polished using 15, 3 and 1 mm diamond slurries,
then cleaned using 15% HNO3 solution under ultrasonic support,
and ﬁnally rinsed using deionised water and acetone. Then 0.3 g of
diced SAC solder was placed on each of the cleaned Cu coupons to
prepare the samples with a solder layer approximately 1 mm in
maximum thickness. After the solder pieces were placed on the Cu
coupons, they were put into a vacuum reﬂow oven which was ﬁrst
pre-heated up at 200 C and evacuated below 5mbar for 3 min, and
then held at the same temperature and purged with 2%H298%N2
forming gas (450 L/min at 1.5 bar) for 5 min. The reﬂow was ﬁnally
done at 260 C for 10 min, also under the forming gas ﬂow of 450 L/
min at 1.5 bar, before being cooled down to room temperature
within 3 min. The reﬂowed SAC/Cu samples were put into thermal
ageing at 170 C in air for 24, 48, 96, 191, 384, 768 and 2096 h to
further observe the solid state interfacial reactions.3.2. Identiﬁcation and thickness measurement of IMCs
Metallographic cross-sections of the above SAC/Cu samples
were prepared for identiﬁcation and thickness measurement of
IMCs. A JEOL 6400 SEM using the backscattered electron signal was
employed to observe and analyse the microstructural features and
take the corresponding images from the polished cross-sectional
samples. The IMCs formed between the solders and the Cu sub-
strates were identiﬁed using an Oxford Instruments ISIS energy-
dispersive X-ray spectroscopy (EDXS) microanalysis system ﬁtted
on the SEM. Then the thicknesses of the IMC layers were measured
using an image analysis method as detailed elsewhere [23,24]. The
image analysis was done utilising the Image Processing Toolbox
Version 5.0.0 of MATLAB R14SP2 (The Mathworks). For each sam-
ple, three images of 512 416 pixels in resolution, two of 236 192
or 118 91 mmand one of 118 91 or 47 38 mm in size, were used
and the obtained data series were merged together for further
statistical analysis. The resulting thicknesses were given in terms of
mean and 95% conﬁdence interval.4. Results
4.1. Cu/Sn diffusion couples
Cu/Sn diffusion couples at 190e220 C were investigated by
Onishi and Fujibuchi [16], and they estimated the interdiffusion
coefﬁcients for the Cu6Sn5 and Cu3Sn IMCs with the Heumann
method. In their estimation, the change of Molar volumes of Cu and
Sn atoms in forming the IMCs had been neglected during the
calculation. In the present work, the thicknesses of Cu6Sn5 and
Cu3Sn IMCs in their Cu/Sn samples were calculated from the re-
ported parabolic growth constants, and are employed to validaterical method for: (a) Cu6Sn5 and (b) Cu3Sn IMCs in the Cu/Sn diffusion couples reported
J.F. Li et al. / Intermetallics 40 (2013) 50e59 55the present numerical method to determine the interdiffusion co-
efﬁcients. The simulated results of both constant Molar volume
irrespective of phase and real Molar volume of 7.12, 8.59, 10.59 and
16.12 cm3/mol for Cu, Cu3Sn, Cu6Sn5 and Sn are given in Fig. 3.
During the simulation, a ﬁxed grid size of 0.025 mm, a small “sensible
Molar fraction perMolar volume” interval,Dd, of 1.0 108 cm3/mol,
and a time step, Dt, of 3 h were used. The Molar fractions of Sn in the
Cu and Sn phases were taken as 0 and 1, while the stoichiometric
widths of Cu6Sn5 and Cu3Sn IMCs were selected as 0.015 and 0.013
atomic fractions as reported in Ref. [16].
The interdiffusion coefﬁcients for the Cu6Sn5 and Cu3Sn IMCs
determined with the present numerical method and constant
Molar volume shown in Fig. 3 are almost the same as those esti-
mated with the Heumann method and presented in Fig. 7 of
Ref. [16]. However, the activation energy values of 53.6 and 60.1 kJ/
mol in Fig. 3 estimated using the least square method appear to be
lower than 64.8 and 70.7 kJ/mol as reported in Ref. [16]. The authors
believe that this discrepancy is due to incorrect estimation by the
previous researchers. As can be further seen from Fig. 3, in com-
parison with the interdiffusion coefﬁcients determined with real
Molar volume values for the different phases, those determined
under the assumption of constant Molar volume overestimate the
interdiffusion coefﬁcients for the Cu6Sn5 and Cu3Sn IMCs, by 64%
and 57% respectively. Nevertheless, the activation energy values are
the same as each other irrespective of using constant and real Molar
volume values for the different phases.
Mei et al. [18] also estimated the interdiffusion coefﬁcients for
the Cu6Sn5 and Cu3Sn IMCs formed in the above Cu/Sn diffusion
couples with a combined analytical and numerical method. In their
estimation, the change of Molar volumes of Cu and Sn atoms in
forming the IMCs was still neglected. However, the diffusion of Cu
and Sn atoms in both Cu and Sn phases was included, where the
interdiffusion coefﬁcients for the Cu and Sn phases were respec-
tively calculated from the tracer diffusion coefﬁcients of Sn in Cu
and Cu in Sn according to the Darken-Manning treatment, and the
Cu atomic factions were 0.993 and 0.00006 at the interface of Cu in
contact with Cu3Sn and the interface of Sn in contact with Cu6Sn5,
respectively. Also, the Cu atomic fractions at the interfaces of the IMCs
layers, and thereby the stoichiometricwidths of the Cu6Sn5 and Cu3Sn
IMCs, 0.008 and 0,01, were different from those used in Ref. [16].
In the present work, the interdiffusion coefﬁcients for the
Cu6Sn5 and Cu3Sn IMCs were re-calculated with the present nu-
merical method. In this recalculation, the interface conditions of
atomic fractions for the different phases and the interdiffusion
coefﬁcients for the Cu and Snphases were the same as those used in
Ref. [18]. During the numerical procedure, the relevant parameters
such as Molar volume for the different phases, small “sensible
Molar fraction per unit Molar volume” interval and time step used
during the numerical procedure were similar to those for theFig. 4. Arrhenius-type plots of interdiffusion coefﬁcients determined with the present nume
in Ref. [18].results shown in Fig. 3. A uniform ﬁxed grid size of 0.025 mm was
used to discretise the central interval where the IMCs would grow,
and a non-uniform ﬁxed grid with sizes from 0.025 to 17.75 mmwas
used to discretise the two Cu and Sn end intervals where no phase
change would occur during the simulation.
The results recalculated with present numerical method are
presented in Fig. 4. The interdiffusion coefﬁcients for the Cu6Sn5
and Cu3Sn IMCs and their activation energies for constant Molar
volume irrespective of phase are all in excellent agreement with
those reported by Mei et al. [18]. Also, similar to the results shown
in Fig. 3, in comparison with the interdiffusion coefﬁcients deter-
minedwith realMolar volume values for the different phases, those
determined under the assumption of constant Molar volume over-
estimate the interdiffusion coefﬁcients for the Cu6Sn5 and Cu3Sn
IMCs, by 66% and 63% respectively. Nevertheless, the activation en-
ergy values are the same as each other irrespective of using constant
and real Molar volume values for the different phases.
Furthermore, it can be seen that the activation energy values
shown in Fig. 4 are slightly different from, but almost the same as
those shown in Fig. 3 for the interdiffusion coefﬁcients of both the
Cu6Sn5 and Cu3Sn IMCs. Using Eq. (22) and the stoichiometric
widths of Cu6Sn5 and Cu3Sn IMCs used during the simulation, all
the interdiffusion coefﬁcient values of the points shown in Figs. 3
and 4 can be converted into the corresponding integrated inter-
diffusion coefﬁcients. The integrated interdiffusion coefﬁcients
converted from the results shown in Fig. 4 are also slightly different,
but almost the same as those converted from the results shown in
Fig. 3 provided that they are the results under the same assumption
of using constant or real Molar volume values for the different
phases. The slight difference in the activation energy values and the
converted integrated interdiffusion coefﬁcients can be attributed to
the effect of the diffusion of Cu and Sn atoms in the Cu and Sn
phases which were included in the simulation cases for Fig. 4, but
not in the simulation cases for Fig. 3.4.2. Cu/Cu6Sn5 and Cu3Sn/Sn diffusion couples
Paul et al. [10] investigated one Cu/Sn diffusion couple at 200 C,
six Cu/Cu6Sn5 diffusion couples at 225e350 C and three Cu3Sn/Sn
diffusion couples at 150e200 C. They estimated the integrated
interdiffusion coefﬁcients for the Cu6Sn5 and Cu3Sn IMCs with
Wagner’s method. In their estimation, only the Molar volume
values of Cu6Sn5 and Cu3Sn IMCs were needed during estimation of
the integrated interdiffusion coefﬁcients for the Cu6Sn5 and Cu3Sn
IMCs in the Cu/Sn diffusion couple, and no Molar volume of any
phase was required during estimation of the integrated interdif-
fusion coefﬁcients for the Cu6Sn5 and Cu3Sn IMCs in the three
Cu3Sn/Sn or six Cu/Cu6Sn5 diffusion couples.rical method for: (a) Cu6Sn5 and (b) Cu3Sn IMCs in the Cu/Sn diffusion couples reported
Fig. 5. Arrhenius-type plots of integrated interdiffusion coefﬁcients determined with
the present numerical method for Cu6Sn5 IMC formed in three Cu3Sn/Sn diffusion
couples and one Cu/Sn diffusion couple reported in Ref. [10]. The solid points are re-
sults of the three Cu3Sn/Sn diffusion couples, and the open points are results of the Cu/
Sn diffusion couple.
Fig. 7. SEM images taken from the polished cross sections of the SAC/Cu samples aged
at 170 C for: (a) 24 h; and (b) 2076 h.
J.F. Li et al. / Intermetallics 40 (2013) 50e5956In the present work, the thicknesses of Cu6Sn5 and Cu3Sn layers
reported or calculated from the reported parabolic growth con-
stants in Ref. [10] are employed to further validate the present
numerical method to determine the integrated interdiffusion co-
efﬁcients. The relevant parameters such as Molar volume for the
different phases, ﬁxed grid size, small “sensible Molar fraction per
unit Molar volume” interval and time step used during the nu-
merical procedure were similar to those for the results shown in
Fig. 3. However, because the stoichiometric widths of both Cu6Sn5
and Cu3Sn IMCs were unknown and are temporarily needed for the
present numerical scheme, a value of 0.01 atomic fraction was
randomly used for both of them. The results are presented in terms
of integrated interdiffusion coefﬁcients calculatedwith Eq. (22) and
shown in Figs. 5 and 6. It should be pointed out that any values of
the atomic fractions in the range of 0.001e0.1 chosen as the tem-
porary stoichiometric widths of Cu6Sn5 and Cu3Sn IMCs were
proven to produce the same integrated interdiffusion coefﬁcients.
The integrated interdiffusion coefﬁcients and their activation
energy values for the Cu6Sn5 and Cu3Sn IMCs determined with the
present numerical method and VSn ¼ VCu6Sn5 and VCu ¼ VCu3Sn for
the Cu/Sn diffusion couple, and constant Molar volume for the Cu/
Cu6Sn5 and Cu3Sn/Sn diffusion couples, are all in excellent agree-
ment with those reported by Paul et al. [10]. With real Molar vol-
ume values for the different phases, the present results of the
integrated interdiffusion coefﬁcients for the Cu6Sn5 and Cu3Sn IMCs
in the Cu3Sn/Sn and Cu/Cu6Sn5 diffusion couples are 42% and 24%
lower than those reported by Paul et al., respectively. Nevertheless,
the activation energy values are the same as each other irrespectiveFig. 6. Arrhenius-type plots of integrated interdiffusion coefﬁcients determined with
the present numerical method for Cu3Sn IMC formed in six Cu/Cu6Sn5 diffusion cou-
ples and one Cu/Sn diffusion couple reported in Ref. [10]. The solid points are results of
the six Cu/Cu6Sn5 diffusion couples, and the open points are results of the Cu/Sn
diffusion couple.of using constant and real Molar volume values for the different
phases.4.3. SAC/Cu samples
EDXS analysis revealed that two distinct layers of IMCs can be
observed in all SAC/Cu samples. After the SAC/Cu samples reﬂowed
at 260 C for 10 min were put into ageing at 170 C, the interface
between the Cu6Sn5 layer and the solder in the samples gradually
became planar (Fig. 7). However, a few protruding Cu6Sn5 grains
were still on the Cu6Sn5 layer in the SAC/Cu sample even after an
ageing time of 2076 h (Fig. 7b). The measured thicknesses of the
Cu6Sn5 and Cu3Sn layers in the aged SAC/Cu samples are presented
in Fig. 8, together with the thicknesses and integrated interdiffu-
sion coefﬁcients calculated and extracted using the current nu-
merical method. Note that here dispersive IMC grains within the
bulk of the solder are excluded in the estimation of the thickness,
and the error bars stand for the 95% conﬁdence intervals of the
mean thicknesses. During the numerical procedure, the thicknesses
of the Cu6Sn5 and Cu3Sn layers in the SAC/Cu sample reﬂowed at
260 C for 10 minwere taken as the initial conditions. In addition, a
smaller “sensible Molar fraction per Molar volume” interval of
1.0  109 cm3/mol and a time step of 17.3 h was used, while the
other relevant parameters for the numerical procedure were the
same as those for the results shown in Figs. 5 and 6.
The thicknesses calculated using the present numerical model
agree with the measured mean thicknesses satisfactorily. For
ageing times between 24 and 191 h, both the measured and
calculated thicknesses of the Cu6Sn5 layer appear to be thinner than
that for the as-ﬂowed sample. For ageing times of 384e2096 h, the
thicknesses of the Cu6Sn5 layer increase with increasing ageing
time. By contrast, both the measured and calculated thicknesses of
the Cu3Sn layers increase with ageing time from the start. The
extracted Dint,Cu3Sn and Dint,Cu6Sn5 for the best data ﬁtting are
8.25  1019 m2/s and 9.97  1019 m2/s, respectively.Fig. 8. Plots of thickness versus square root of time for IMCs formed at interfaces in the
SAC/Cu samples during thermal ageing at 170 C.
Fig. 9. Schematic illustration of the realistic proﬁle ABCDEF and extended continuous
and differentiable proﬁle AGHIJKLF for Molar fraction NSn across a Cu/Cu6Sn5 diffusion
couple at the instant time of t.
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5.1. Validation of the present numerical method
The present numerical approach develops an iteration method
to solve an inverse problem for calculating the interdiffusion co-
efﬁcients from the measured thicknesses of Cu6Sn5 and Cu3Sn IMC
layers. For any of the above simulation cases, the calculated inter-
diffusion coefﬁcients were always converged towards the same
values irrespective of initially guessed values. Therefore, from a
viewpoint of mathematics, the interdiffusion coefﬁcients or inte-
grated interdiffusion coefﬁcients determined using the present
numerical method are unique.
As veriﬁed by Figs. 3 and 4, if ignoring the change of Molar
volumes of Cu and Sn atoms in forming the IMCs, the presently
developed numerical method can be used to extract the interdif-
fusion coefﬁcients for the Cu6Sn5 and Cu3Sn IMCS yielding results
almost the same as those of the Heumann method and a combined
analytical and numerical method reported in Ref. [16,18]. This
demonstrates that there is no fundamental numerical error when
the presently developed numerical method is used to determine the
interdiffusion coefﬁcients or integrated interdiffusion coefﬁcients.
As shown in Figs. 5 and 6, the presently developed numerical
method requires additional assumptions of VCu ¼ VCu3Sn and
VSn ¼ VCu6Sn5 for the Cu/Sn diffusion couple, and constant Molar
volume irrespective of phase and composition for the Cu3Sn/Sn or
Cu/Cu6Sn5 diffusion couples to extract the integrated interdiffusion
coefﬁcients for the Cu6Sn5 and Cu3Sn IMCS the same as those of the
Wagner’s method [10]. However, such additional assumptions are
reasonable and can be explained as follows. First, it is hard to un-
derstand that the actual integrated interdiffusion coefﬁcients for
the Cu6Sn5 and Cu3Sn IMCS in the Cu3Sn/Sn and Cu/Cu6Sn5 diffu-
sion couples are independent of the Molar volume values of the
different phases. Furthermore, a systematic error can be found in
the use of Wager’s equations to calculate the integrated interdiffu-
sion coefﬁcients for the Cu6Sn5 and Cu3Sn IMCS as detailed below.
According to the well known calculus theorem, any differen-
tiable function must be continuous at every point in its domain, in
Wagner’s deduction, J1 and J2 in the Eqs. (7)e(11) must be contin-
uous between l ¼ N and l ¼ l*, and between l ¼ l* and l ¼N in
order to calculate their derivatives for deriving Eq. (12) in Ref. [17].
In order to apply Eq. (12) in Ref. [17], Cu and Sn atomic fractions at
the interfaces of the different phases in the Cu/Sn, Cu3Sn/Sn and Cu/
Cu6Sn5 diffusion couples must modiﬁed and approximated as
continuous and differentiable functions of position coordinate of x.
This can be illustrated with the Cu/Cu6Sn5 diffusion couple as one
example as shown in Fig. 9. Here one continuous and differentiable
curve GHI is used to approximate the two separate segments GBand CI, and another continuous and differentiable curve JKL is used
to approximate the two separate segments JD and EL for describing
the distribution of Sn atomic fraction with respect to position co-
ordinate of x. Following Eq. (12) in Ref. [17], we can derive:
DInt;IJ ¼
ðN2  N1ÞðN3  N2Þ
ðN3  N1Þ
Dx2IJ
2t
þ ðN3  N2ÞðN3  N1Þ
2
4 ZxH
xG
VCu3Sn
VCu
ðNSn  N1Þdx
þ
ZxI
xH
ðNSn  N1Þdx
3
5 DxIJ
2t
þ ðN2  N1ÞðN3  N1Þ
2
64 Z
xK
xJ
ðN3  NSnÞdx
þ
ZxL
xK
VCu3Sn
VCu6Sn5
ðN3  NSnÞdx
3
75 DxIJ
2t
(23)
Then the integrated interdiffusion coefﬁcient for the Cu3Sn IMC
with CD being as the distribution of Sn atomic fraction can be
calculated by linearly extrapolating the above Eq. (23) for the Cu3Sn
IMC with IJ being as the distribution of Sn atomic fraction and
expressed as:
DInt;Cu3Sn ¼ DInt;IJ 
DxCD
DxIJ
(24)
In this way, the equality of diffusion ﬂuxes both within the
Cu3Sn IMC and at the Cu/Cu3Sn and Cu3Sn/Cu6Sn5 interfaces can be
guaranteed. Furthermore, without affecting the validity, we may
take GB ¼ CI ¼ JD ¼ EL ¼ dx, GH and IH are symmetrical relative to
centre H, and JK and LK are symmetrical relative to centre K. Then
only under the assumption of VCu ¼ VCu3Sn ¼ VCu6Sn5, from Eqs. (23)
and (24), we can obtain the following Eq. (25) that is the same as Eq.
(21) in Ref. [17] for calculating the integrated interdiffusion coef-
ﬁcient of the Cu3Sn IMC.
DInt;Cu3Sn ¼
ðN2N1ÞðN3N2Þ
2tðN3N1Þ

DxIJþ2dx

DxIJþ2dx

DxIJþ2dx

¼ ðN2N1ÞðN3N2ÞðN3N1Þ
Dx2Cu3Sn
2t
(25)
Otherwise, there will be inequality of diffusion ﬂuxes at in-
terfaces of the different phases if Eq. (25) is used to calculate the
integrated interdiffusion coefﬁcient of the Cu3Sn IMC. Similarly, it
can be elucidated that only under the assumption of VCu ¼ VCu3Sn
and VSn¼ VCu6Sn5 or constant Molar volume for the different phases,
Eqs. (20) and (21) in Ref. [17] can be used to calculate the integrated
interdiffusion coefﬁcients for the Cu6Sn5 and Cu3Sn IMCS in the Cu/
Sn and Cu3Sn/Sn diffusion couples. With real Molar volumes for the
different phases, Eqs. (20) and (21) are not consistent with Eq. (12)
in Ref. [17]. Therewill be inequality of diffusion ﬂuxes at the interfaces
and hence a systematic error when Eqs. (20) and (21) in Ref. [17] are
used to calculate the integrated interdiffusion coefﬁcients.
Using the real Molar volume values for the different phases, the
present numerical method produces lower estimations of the
interdiffusion coefﬁcients or integrated interdiffusion coefﬁcients
for the Cu6Sn5 and Cu3Sn IMCS than the Heumann method, the
Wagner’s method and a combined analytical and numerical
method in the existing literature [10,16,18]. However, if all the
interdiffusion coefﬁcients or integrated interdiffusion coefﬁcients
were estimated using the same method, they would have no
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Despite the fact that the values of DInt,Cu3Sn and DInt,Cu6Sn5 over-
estimated under the assumption of VCu¼ VCu3Sn and VSn¼ VCu6Sn5 can
still be used to predict the thicknesses of Cu6Sn5 and Cu3Sn layers,
all the interfaces of the different phases simulated under such an
assumption are moved towards the Cu side, as can be seen from
Fig. 10. This means that the consumption of Cu would be over-
estimated and the consumption of Sn would be underestimated,
when compared to those simulated with the correct values of
DInt,Cu3Sn and DInt,Cu6Sn5 and real Molar volume values of the
different phases. The overestimations in the interdiffusion coef-
ﬁcients or integrated interdiffusion coefﬁcients can be corrected,
but the correction constants depend on the diffusion couples as
shown in Figs. 3e6. Such a result demonstrates that without
correction, the interdiffusion coefﬁcients or integrated interdiffusion
coefﬁcients estimated using the Heumann method and Wagner’s
method from the Cu/Cu6Sn5 and Cu3Sn/Sn diffusion couples cannot
directly be applied to the Cu/Sn diffusion couples.
Ronka et al. [4] developed a combined thermodynamic and
diffusion-kinetic model, and applied it to predict the growth of
Cu6Sn5 and Cu3Sn IMCS in binary solid/solid Cu/Sn systems and
ternary solid/solid and solid/liquid Cu/SneBi systems. In the
ternary systems, the integrated interdiffusion coefﬁcients are not
material constants anymore, so they employed tracer diffusion
coefﬁcients as materials constants to calculate and update the in-
tegrated interdiffusion coefﬁcients depending on the composition
of the SneBi solder. Such an approach can be incorporated into the
present numerical model without any difﬁculty. In comparison
with Ronka et al.’s model, the present numerical model can take
account of the effect of the Molar volume of Cu on the kinetics, and
more easily be extended to multi-component, multi-phase systems
and high-dimensional problems, without the need of tracing the
mass balance of atoms diffused across the moving interfaces of theFig. 10. The evolution of the different interfaces in the Cu/Sn diffusion couple at 200 C
that was reported in Ref. [10], simulated using the present numerical model with: (a)
DInt,Cu6Sn5 ¼ 1.94  1017 m2/s, DInt,Cu6Sn5 ¼ 5.64  1017 m2/s, VCu ¼ VCu3Sn ¼ 8.59 cm3/
mol and VSn ¼ VCu6Sn5 ¼ 10.59 cm3/mol; and (b) DInt,Cu6Sn5 ¼ 1.41  1017 m2/s,
DInt,Cu6Sn5 ¼ 3.35  1017 m2/s, VCu ¼ 7.12 cm3/mol, VCu3Sn ¼ 8.59 cm3/mol,
VSn ¼ 10.59 cm3/mol and VCu6Sn5 ¼ 16.12 cm3/mol.different phases. Also, it is convenient to incorporate other physical
phenomena, e.g. convection caused by ﬂuid ﬂow into the present
numerical model when necessary. This is because the present nu-
merical method has been developed by adopting the ﬁxed-grid
source-based method originally developed to simulate the tem-
perature ﬁelds for melting-solidiﬁcation phase change processes
[19e21]. Similar to the treatment in analysis of heat transfer, it is
straightforward to extend the present model to multi-phase sys-
tems and high-dimensional problems, as well as incorporate other
physical phenomena.
5.2. Interdiffusion coefﬁcients of the current SAC/Cu samples
The present work is concerned with the diffusion-controlled
growth of the Cu6Sn5 and Cu3Sn IMCs only. It is widely accepted
to use diffusion-controlled growth to describe the growth kinetics
of the Cu6Sn5 and Cu3Sn layers in solid/solid Cu/Sn-based solder
interfacial reactions. Indeed, as can be seen from Fig. 8, the data
ﬁttings of the calculated thicknesses of Cu6Sn5 and Cu3Sn layers to
the measured results for the SAC/Cu samples aged at 170 C are
satisfactory. However, the values of 8.25  1019 m2/s and
9.97  1019 m2/s for Dint,Cu3Sn and Dint,Cu6Sn5 in Fig. 8, extracted
from the present SAC/Cu samples aged at 170 C, are both lower
than all those interpolated or extrapolated and calculated from
the results of the Cu/Sn, Cu/Cu6Sn5 and Cu3Sn/Sn diffusion couples
in Figs. 3e6.
As can be seen in Fig. 7, there were some isolated Cu6Sn5 grains
existing in the SAC/Cu samples. During the prolonged isothermal
ageing process, they might form a mass ﬂow due to coalescence to
cause an additional growth superimposing to the diffusion-
controlled growth of the Cu6Sn5 layer. This would actually lead
to an increase in the extracted integrated interdiffusion coefﬁcient
DInt,Cu6Sn5.
In a previous work [25], the growth rate of Cu3Sn in the Cu/Sne
Bi samples was found to depend on the sizes and crystalline
orientation of the original Cu crystals. In another work [9], it was
reported that the activation energy for parabolic growth constant of
Cu6Sn5 IMC in Cu/Sn-3.5Ag samples during isothermal ageing
depended on the method of sample preparation. The activation en-
ergy for the samples prepared using the dipping method was found
to be lower than that for the samples prepared using the reﬂow
method. Therefore, the lower DInt,Cu3Sn and DInt,Cu6Sn5 in Fig. 8 are
more probably related to the Cu substrate and/or the reﬂow process
under forming gas used to prepare the as-reﬂowed samples.
Other values for interdiffusion coefﬁcients or integrated inter-
diffusion coefﬁcients for the Cu6Sn5 and Cu3Sn IMCs formed in
other Cu3Sn/Sn and Cu/Cu6Sn5 diffusion couples have been re-
ported in Refs. [16] and reviewed in Ref. [3]. However, it is difﬁcult
to compare the values of DInt,Cu3Sn and DInt,Cu6Sn5 extracted from the
present SAC/Cu samples with them because of the following two
reasons. On the one hand, the reported interdiffusion coefﬁcient or
integrated interdiffusion coefﬁcient data need to be corrected to
account for the real Molar volume values of the different phases in
the samples. On the other hand and more seriously, there is
disagreement between the data presented in the existing literature.
For example, the thicknesses of IMCs recalculated by the present
authors with the parabolic constants listed in Table 2 appear to be
inconsistent with the results plotted in Fig. 8 in Ref. [16].
6. Conclusions
A numerical method has been developed to simulate the
thicknesses and extract the interdiffusion coefﬁcients or integrated
interdiffusion coefﬁcients for diffusion-controlled growth of Cu6Sn5
and Cu3Sn IMCs and this method may be applied to other systems
J.F. Li et al. / Intermetallics 40 (2013) 50e59 59with many layers of IMCs. Based on results obtained, the following
conclusions are drawn:
1). Under certain assumptions for the Molar volume values of the
different phases, the present numerical method can produce
values for the interdiffusion coefﬁcients or integrated interdif-
fusion coefﬁcients almost the same as those estimated with the
Heumann method, the Wagner’s method and a combined
analytical and numerical method for the Cu6Sn5 and Cu3Sn IMCs
formed in the Cu/Sn, Cu/Cu6Sn5 and Cu3Sn/Sn diffusion couples.
2). Using real Molar volume values of the different phases, the
present numerical method produce values for the interdiffusion
coefﬁcients or integrated interdiffusion coefﬁcients clearly
lower than those estimated with the Heumann method, the
Wagner’s method and a combined analytical and numerical
method. The extent of discrepancy in the interdiffusion co-
efﬁcients or integrated interdiffusion coefﬁcients depends on
the speciﬁc diffusion couples.
3). The present numerical method should be more accurate than
the Heumann method and the Wagner’s method in their
existing forms. This is because the change of Molar volumes of
Cu and Sn atoms in forming the IMCs was neglected in the
Heumann method, and a systematic error can be identiﬁed in
the use of Wagner’s equation to calculate the integrated inter-
diffusion coefﬁcients for the Cu6Sn5 and Cu3Sn IMCs. Further-
more, the interdiffusion coefﬁcients or integrated interdiffusion
coefﬁcients estimated with the Heumann method and the
Wagner’s method can simply be calibrated with the results
determined with present numerical method.
4). The present numerical method can be applied to diffusion
couples with arbitrary initial thicknesses of the different pha-
ses, and easily extended to multi-component, multi-phase
systems and high-dimensional problems, without the need of
tracing the mass balance of atoms diffused across the moving
interfaces of the different phases.
5). The growth kinetics of the Cu6Sn5 and Cu3Sn layers in the
SnAgCu/Cu samples during the solid/solid interface reaction
can be ﬁtted well to the present numerical model. However, the
extracted integrated interdiffusion coefﬁcients for the Cu6Sn5
and Cu3Sn IMCs appeared to be lower than those interpolated
or extrapolated and calculated from the results of the Cu/Sn, Cu/
Cu6Sn5 and Cu3Sn/Sn diffusion couples. This may be ascribed to
the Cu substrate and/or the reﬂow process under forming gas
used to prepare the as-reﬂowed samples.
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